The Ebola virus (EBOV) uses evasion mechanisms that directly interfere with host T-cell antiviral responses. By steric shielding of human leukocyte antigen class-1, the Ebola glycoprotein (GP) blocks interaction with T-cell receptors (TCRs), thus rendering T cells unable to attack virus-infected cells. It is likely that this mechanism could promote increased natural killer (NK) cell activity against GP-expressing cells by preventing the engagement of NK inhibitory receptors; however, we found that primary human NK cells were less reactive to GP-expressing HEK293T cells. This was manifested as reduced cytokine secretion, a reduction in NK degranulation, and decreased lysis of GP-expressing target cells. We also demonstrated reduced recognition of GP-expressing cells by recombinant NKG2D and NKp30 receptors. In accordance, we showed a reduced monoclonal antibody-based staining of NKG2D and NKp30 ligands on GP-expressing target cells. Trypsin digestion of the membrane-associated GP led to a recovery of the recognition of membrane-associated NKG2D and NKp30 ligands. We further showed that membraneassociated GP did not shield recognition by KIR2DL receptors; in accordance, GP expression by target cells significantly perturbed signal transduction through activating, but not through inhibitory, receptors. Our results suggest a novel evasion mechanism employed by the EBOV to specifically avoid the NK cell immune response.
The Ebola virus (EBOV) uses evasion mechanisms that directly interfere with host T-cell antiviral responses. By steric shielding of human leukocyte antigen class-1, the Ebola glycoprotein (GP) blocks interaction with T-cell receptors (TCRs), thus rendering T cells unable to attack virus-infected cells. It is likely that this mechanism could promote increased natural killer (NK) cell activity against GP-expressing cells by preventing the engagement of NK inhibitory receptors; however, we found that primary human NK cells were less reactive to GP-expressing HEK293T cells. This was manifested as reduced cytokine secretion, a reduction in NK degranulation, and decreased lysis of GP-expressing target cells. We also demonstrated reduced recognition of GP-expressing cells by recombinant NKG2D and NKp30 receptors. In accordance, we showed a reduced monoclonal antibody-based staining of NKG2D and NKp30 ligands on GP-expressing target cells. Trypsin digestion of the membrane-associated GP led to a recovery of the recognition of membrane-associated NKG2D and NKp30 ligands. We further showed that membraneassociated GP did not shield recognition by KIR2DL receptors; in accordance, GP expression by target cells significantly perturbed signal transduction through activating, but not through inhibitory, receptors. Our results suggest a novel evasion mechanism employed by the EBOV to specifically avoid the NK cell immune response.
Keywords: ebola gP, ebola, modulation of immune system, viral evasion strategies, nKg2D, Mica, steric shielding, natural killer cells inTrODUcTiOn The Ebola virus (EBOV), a member of the Filoviridae family, is the cause of Ebola hemorrhagic fever. Throughout the past five decades, the five known species of this single-stranded, negativesense RNA virus has caused sporadic outbreaks of Ebola fever in Central and West Africa, leading to high mortality in both humans and non-human primates. The virus is thus classified by the National Institutes of Health as a Category A select agent (1) . Several structural proteins and one nonstructural protein are encoded in the EBOV genome. The structural proteins comprise a type I transmembrane glycoprotein (GP), a nucleoprotein (NP), four virion structural proteins (VP24, VP30, VP35, and VP40), and a RNA-dependent RNA polymerase (2) . A number of studies investigating the expression of these proteins in cell culture have shown that the expression of EBOV-GP in cultured cells leads to a loss of cell-cell interaction and to cell rounding and detachment, and in cultures of endothelial cells, to detachmentmediated apoptosis (3) (4) (5) (6) (7) . However, transient expression of EBOV-GP, by itself, did not seem to have a cytotoxic effect (4) . Recent studies show that EBOV-GP shields some surface proteins in GP-expressing cells, particularly human leukocyte antigen class-I (HLA-I) molecules (8, 9 )-a phenomenon that modulates the interactions between EBOV-infected cells and CD8 T lymphocytes (9) . It is known that HLA-I molecules on target cells interact with receptors of natural killer (NK) cells and modulate NK function, but the direct effect of EBOV-GP on the interaction between NK cells and EBOV-GP expressing cells has never been tested.
Natural killer cells are lymphocytes of the innate immune system that are selectively cytotoxic to target cells, such as virus-infected cells and tumor cells. The cellular cytotoxicity of NK cells is delicately balanced by signals mediated through inhibitory and activating receptors. The expression of inhibitory ligands, such as HLA-I, which are recognized by killer-cell immunoglobulin-like receptors (KIRs), serves as a positive indicator of the integrity of the target cells, protecting them against NK-cell-mediated cytolysis (10, 11) . In contrast, expression of activating ligands, which are usually stress-induced antigens that signal cellular distress caused by transformation or infection, could evoke an NK cell response. Such a response would induce both lysis of the expressing cells and cytokine secretion by the NK cells to "alarm" the immune system (12) . It may thus be expected that the activity of NK cells would increase with the masking of HLA-I by EBOV-GP. Indeed, cell subtype prediction using messenger RNA expression patterns indicated that NK-cell populations increase in human patients who survive infection (13) . Similarly, patients with fatal Ebola infection were characterized by a lower NK cell frequency as compared to patients with non-fatal infection; particularly, CD56neg NK cells were associated to non-fatal infections (14) . Surprisingly, however, studies performed on baboons and cynomolgus macaques have indicated a steady decrease in NK cell activity and number of NK cells in the peripheral blood, respectively (15) (16) (17) . Moreover, in a mouse-adaptive EBOV infection, depletion of NK cells did not result in a dramatic change in mouse survival, and NK92MI cells were not activated by EBOV. Nonetheless, treatment of infected mice with the VSVΔG/EBOV GP vaccine led to an NK-cellmediated improvement in mouse survival and to activation of NK92MI cells (18) .
However, despite the accumulated knowledge, as described above, nothing is currently known about the effect of EBOV-GP on the membrane expression of activating ligands for NK cell receptors or about the interaction of activating and inhibitory NK cell receptors with GP-expressing human cells. Viral evasion mechanisms are known to directly interfere with the functioning of NK cells either by downregulating the expression of activating ligands, such as NKG2D ligands, or by upregulating expression of inhibitory ligands, such as HLA-I (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) . The impaired expression of HLA-I molecules in cells infected by various viruses or in tumor cells is a well-known mechanism for evading the T-cell response. Nonetheless, since HLA-I molecules are strong inhibitory ligands for NK cells, their downregulation results in a loss of balance between inhibitory and activating signals, thereby activating the specific cytotoxic effect of NK cells (20-24, 26, 28, 29) .
As accumulating evidence suggests that a potent innate immune response is tightly linked to the containment of Ebola filoviral infection (16, (30) (31) (32) , we aimed to explore the mechanism of the Ebola-GP-mediated effect on NK cell function. To this end, we transiently transfected HEK293T cells with EBOV-GP with the aim to investigate its effects on (i) expression by target cells of activating and inhibitory ligands for NK receptors and (ii) the function of NK cells exposed to GP-expressing target cells. We showed that EBOV-GP expression by target cells favors the axis reducing NK activation, while not perturbing the NK inhibition axis.
MaTerials anD MeThODs ethics statement
Primary NK cells were purified from peripheral blood of healthy, adult, volunteer donors, recruited by written informed consent, as approved by the Institutional Review Board Ben-Gurion University of the Negev (BGU).
cell lines
HEK293T (ATCC CRL-3216) and MICA-transfected JEG3 (ATCC HTB-36) cell lines (33) were cultured as recommended by ATCC in DMEMx1 (Gibco, 41965-039) supplemented with 10% fetal calf serum (FCS) (Gibco, 12657-029), 1% l-glutamine (Biological Industries, 03-020-1A), 1% Pen-Strep (BI, 03-031-1B), 1% sodium pyruvate (BI, 03-042-1B), 1% MEM-Eagle (Biological Industries, 01-340-1B), and 1% HEPES 1M (Biological Industries, 03-025-1B).
constructs and Transfections
We employed a membrane-bound form (NC_006432.1) of an expression clone of Sudan virus (SUDV)-GP-Gulu (1-649) (34) [where Gulu is a strain of (SUDV), one of the five known viruses in the Ebolavirus genus]. This GP-Gulu membrane-bound form was cloned into pCAGGS plasmid backbone and also cloned into the pEGFP-N1 vector with the aim to obtain expression of green fluorescent protein (GFP)-fused GP upon transfection. We also used a full-length expression clone of the EBOV GP-Makona membrane-bound form, which was generously provided by Kartik Chandran, Albert Einstein College of Medicine, New York, NY, USA [the Makona variant of EBOV first appeared in the 2013 epidemic in West Africa (35, 36) ]. To obtain GP or GP-GFP expressing cells, HEK293T cells were plated in 10-cm plates 24 h prior to transfection and transiently transfected using a calcium-phosphate-based reagent with 15 µg DNA per 10-cm plate. In all experiments floating cells were collected and pooled with Adherent Cells, harvested using a gentle non-enzymatic cell dissociation reagent (Versene, Gibco™, 15040-033), at 24 h post transfection. 
elisa
To determine the interaction between EBOV-GP and fusion-Ig or anti-GP monoclonal antibody (mAb), ELISA plates were coated overnight at 4°C with 10 µg/ml of the recombinant GP proteins originating from Ebola Sudan. Blocking buffer (PBS + 2.5% skim milk) was applied for 2 h at room temperature, after which the plates were incubated with 2 µg/ml of fusion-Ig, anti EBOV-GP mAb, or PBS for 2 h at room temperature. Fusion-Ig was detected using horseradish peroxidase (HRP)-conjugated anti-human IgG (1 h at 1:1,000). SUDV-GP-Gulu 1-649 ectodomain was produced by expression in HEK293T cells with a HIS tag and purification of the secreted product by nickel column chromatography. For IFN-γ detection, 96 U-well plates were coated overnight with 100 μl/ well of anti-human IFN-γ (capture mAb, 1 μg/well). Blocking (PBS + 10% FCS) was applied for 2 h at room temperature. Following 2 h of incubation with IFN-γ-containing medium, biotin anti IFN-γ detection mAb (2 μg/well) was added to each well. For detection, streptavidin-HRP (Jackson, 016-030-084) diluted 1:1,000 was added for 30 min. Following washing, TMB (DAKO, S1599) was added to each well, and optical density (O.D.) was read at 650 nm (Thermo Electron Corporation Multiskan Spectrum). Between each step, wells were washed three times with PBS containing 0.05% Tween 20 (PBST).
Trypsin Treatment
At 24 h post-transfection, Adherent and floating Cells were harvested, pooled, washed with PBS, and incubated in 1 ml trypsin EDTA solution (Biological industries, 03-052-1B) for 2.5 min on ice. Trypsin activity was stopped by addition of 7 ml ice-cold complete DMEM growth medium supplemented with 10% FCS. Cells were then centrifuged and supernatant was discarded.
Flow cytometry
Flow cytometry was employed for analysis of cell surface marker expression. Adherent and floating Cells were harvested, pooled, and plated 10 5 cells/well. Cells were incubated on ice for 45 min with various mAbs and fusion-Igs (100 µg/ml, 50 µl/well). Fusion-Ig was detected with APC-or PE-conjugated anti-humanIgG Ab. Dead cells were detected with 7AAD. Flow cytometry was performed with a FACSCanto II (BD Biosciences), and results were analyzed using FlowJo ® software (Tree Star).
Primary nK cell Purification
Cells were isolated using a human negative selection-based NK isolation kit (RosetteSep, Miltenyi Biotec). Purified NK cells were then cultured in stem cell serum-free growth medium (CellGenix GMP SCGM, 20802-0500) supplemented with 10% heat-inactivated human AB plasma from healthy donors (SIGMA, male AB, H-4522), 1% l-glutamine, 1% Pen-Strep, 1% sodium pyruvate, 1% MEM-Eagle, 1% HEPES 1M, and 300 IU/ml recombinant human IL-2 (PeproTech).
iFn-γ secretion, cD107a Degranulation, and lysis assays for nK cell activity
For IFN-γ and CD107a degranulation assays, primary NK effector cells (5E4 cells/well) were mixed with target cells (1.5E5 cells/ well) and incubated at 37°C for 18 or 5 h, respectively. For lysis assays, target cells were labeled with carboxyfluorescein succinimidyl ester (CFSE) (Life Technologies, C34554) and incubated with IL-2-activated primary NK cells at various ratios for 5 h at 37°C. Dead cells were detected using 7AAD by flow cytometry (Canto-II, BD Biosciences), and data were analyzed by FlowJo. Specific lysis (%) was calculated as previously described (43) .
nK cell activation by adherent Proteins
Wells (96 U plate) were coated with anti-NKp44 activating mAb, soluble recombinant SUDV-GP, medium preconditioned with GP-expressing cells ("sup"), or PBS and further incubated with pNK cells in the presence of 25 U/ml rhIL-2 at 37°C for 18 h. The culture media were then sampled, and IFNγ was quantified using an ELISA assay.
PTP assay
SH2-domain-containing protein tyrosine phosphatase-1 catalytic activity was determined by measuring the hydrolysis of its exogenous substrate pNPP, as previously described (44) . NK cells (10 × 10 6 ) were incubated with target cells at ratio of 1:1 at 37°C for 5 min before lysis. Cells were lysed with passive ice-cold lysis buffer [1.25% Brij ® , 0.625% n-octyl-β-d-glucoside, 31.3 mM Tris-HCl, pH 7.4, 150 mM NaCl, 6.25 mM EDTA, and complete protease inhibitor tablets (Roche)]. Where indicated, 2 mM pervanadate was added to the lysis buffer as a negative control. Cell lysates were subjected to immunoprecipitation (IP) with anti-SHP-1 antibody (Santa Cruz). Immunoprecipitates were washed twice with ice-cold passive washing buffer (0.1% Brij, 50 mM Tris-HCl, pH 7.4, 300 mM NaCl, and 3.75 mM EDTA) and three times with phosphatase buffer (150 mM NaCl, 50 mM HEPES, 10 mM EDTA, and 1 mM DTT). Immunoprecipitates were resuspended in 200 µl of 50 mM pNPP in phosphatase buffer and incubated for 30 min at 37°C. Reactions were terminated by adding 800 µl of 1 M NaOH, and SHP-1 activity was determined by measuring the absorbance at 405 nm. The results were normalized to the amount of precipitated SHP-1 and are presented relative to the activity measured in NK cells incubated with mock transfected HEK293T cells.
cell stimulation, immunoblotting, and iP
Natural killer cells and target cells were first incubated separately on ice for 10 min, at a ratio of 1:1. The cells were then mixed, centrifuged, and kept on ice for 15 min. Thereafter, the cell mixture was held at 37°C for 5 min and then lysed with ice-cold lysis buffer (1.25% Brij, 0.625% n-octyl-β-d-glucoside, 31.3 mM Tris-HCl, pH 8, 150 mM NaCl, 6.25 mM EDTA, 1.25 mM Na3VO4, and complete protease inhibitor tablets).
For analysis of whole cell lysates or IP experiments, 5 × 10 5 cells or 5 × 10 6 cells were used, respectively. Protein A/G plusagarose beads (Santa Cruz Biotechnology) were used for IP. Protein samples were resolved by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE), transferred to nitrocellulose membranes and immunoblotted with the appropriate primary antibodies. Immunoreactive proteins were detected with either anti-mouse or anti-rabbit HRP-coupled secondary antibody, followed by detection by enhanced che miluminescence (PerkinElmer).
statistical analysis
Graphics and statistical analysis were performed using Microsoft Office/Excel software. Statistical analysis of the data was performed using Student's unpaired two-tailed t-test (with p-values of <0.05, <0.01, or <0.001, as indicated on the figures).
resUlTs
We and others have found that different viral GPs can be recognized by NK receptors (40) . Therefore, we first investigated whether the Ebola GP interacts directly with different NK receptors. Gulu is a strain of SUDV, one of the five known viruses in the Ebolavirus genus. We employed soluble recombinant SUDV-GP (rSUDV-GP) of the Gulu strain. rSUDV-GP did not interact directly with a panel of NK receptors, including members of the KIR2DL family, the NCR family, and the NKG2D receptor ( Figure 1A ). Upon incubating NK cells in SUDV-GP coated wells, we did not observe any changes in NK-mediated IFNγ secretion ( Figure 1B ). This observation is in accordance with previous reports (18) , suggesting that the GP proteins do not engage NK receptors tested herein (NKp30, NKp44, NKp46, KIR2DL4, NKG2D) and, therefore, they modulate NK activity via another mechanism. TLR4 was reported to bind to GP, but TLR4 expression in NK is reported to be restricted to the intracellular location (45) (46) (47) (48) . We verified that indeed in our primary NKs, TLR4 is not expressed on the cell membrane ( Figure 1C) , and thus TLR4 cannot contribute to recognition of Ebola GP by NK.
surface expression of Different ebola gPs reduces Membrane-associated staining of hla-i and of ligands to the nKactivating receptors, nKg2D and nKp30 . Zaire ebolavirus is the most pathogenic subtype in humans (50, 51) , and thus we aimed to test whether GPs from other, less pathogenic EBOV strains, namely, SUDV-Gulu and the Makona strains of EBOV, are also responsible for mediating this phenomenon.
To this end, we expressed the membrane-bound form of GPs of SUDV and the Makona strain in HEK293T cells and stained for HLA-I expression. Figures 2A,B shows that HLA-I staining was reduced in live gated HEK293T cells expressing high levels of SUDV-GP, whereas in low-to moderate-GP expressers, there was no reduction in HLA-I staining. Image stream analysis of live cells showed the corresponding reduction (or lack thereof) in staining ( Figure 2B , bottom insets). Similar to SUDV-GP, high Makona-GP expressers significantly reduced staining of HLA-I ( Figure 2C ). We verified this result with an antibody specific to human β2 microglobulin ( Figure 2D ). Note that HLA-I staining in mock transfected cells was similar to HLA-I staining of low-GP expressers ( Figure S1 in Supplementary Material). The GP-high mediated significant reduction of cell surface HLA-I could not be attributed to overall reduction in cellular HLA-I expression since intracellular staining for HLA-I revealed similar expression levels between high and low GP expressers ( Figures S2A,B in Supplementary Material).
Human leukocyte antigen class-1 presents peptides to T-cell receptors (TCRs) and also serves as a ligand for NK receptors, mostly inhibitory type receptors. Yet, in apparent contradiction, EBOV infection is associated with a reduction of NK activity in infected monkeys (15) (16) (17) . We, therefore, investigated whether staining for activating ligands of NK cell receptors in SUDV-GPand Makona-GP-transfected HEK293T cells is reduced following GP expression in those cells. We employed recombinant NK-activating receptors to cover numerous ligands recognized by NK cells. Staining with NKG2D-Ig was significantly reduced following high GP expression (Figure 3A) , as confirmed by image stream analysis of live cells ( Figure 3A , bottom insets). Note that staining with NKG2D-Ig for high GP expressers was suppressed to the level of staining with control human Fc (Figures 3A,Bi) . Expression of GP had no effect on staining with Figures 3Bii,iii, respectively; including the corresponding staining with human Fc control). GP expression did, however, affect staining with NKp30-Ig, but only to a moderate extent ( Figure 3C ). To test whether the marked reduction of staining by NKG2D-Ig and anti-HLA-I was in the same high GP expresser cells population, we triple-stained for GP, HLA-I, and NKG2D ( Figure 3D) ; high-GP expressers reduced staining both of HLA-I and NKG2D ligands, as compared to low-to moderate-GP expressers. Note that NKG2D-Ig and NKp30-Ig staining of mock transfected cells was similar to NKG2D-Ig and NKp30-Ig staining of low-GP expressers ( Figure S1 in Supplementary Material).
To verify our observations with Abs specific for NKG2D ligands expressed by cells, we first stained with antibody to MICA, which is expressed by HEK293T cells. MICA staining was significantly reduced following high SUDV-GP expression by HEK293T cells (Figure 4A) . Similarly, high Makona-GP expression resulted in elimination of MICA staining on HEK293T cells (Figure 4B) . We also repeated these experiments in MICA-stably transfected JEG3 cells (JEG3-MICA), which were subsequently transfected with SUDV-GP. MICA staining of high GP-expressers-MICA-JEG3 cells was significantly reduced ( Figure 4C) . Note that MICA staining in mock transfected cells was similar to MICA staining of low-GP expressers ( Figure S1 in Supplementary Material). As we observed for HLA-I, the GP-high mediated significant reduction of cell surface MICA could not be attributed to overall reduction in cellular MICA expression since intracellular staining for MICA revealed similar expression levels between high and low GP expressers ( Figures S2C,D in Supplementary Material). Moreover, we further tagged MICA with fused fluorophore; similarly to Figure S2D in Supplementary Material, we observed that FL-tagged MICA expression, representing MICA levels within the cell and on the membrane did not change between high and low GP expressers ( Figure S2E in Supplementary Material).
We further assessed whether the significant reduction of NKG2D and NKP30 ligands associated with high GP expression could be observed for additional viral GP. We investigated influenza virus H5-expressing cells that manifested low and high H5 expression and did not observe any effect induced by high H5 phenotype on staining with NKG2D-Ig and NKp30-Ig ( Figures S2F-I in Supplementary Material).
staining of Membrane-associated hla-i, nKg2D ligands, and nKp30 ligands is restored by Trypsin Treatment That cleaves surface ebola-gP A critically important observation of Francica et al. was that HLA-I is not deleted from the cell surface following GP expression, but, rather, it is shielded from Ab-mediated staining by the expressed GP (9) [the authors employed DTT treatment to expose the GP-masked cell-surface HLA-I (52)]. In a similar vein, we observed that cell surface GP expression on transfected HEK293T cells was very sensitive to trypsin treatment, whereas on untransfected HEK293T cells, the same trypsin treatment protocol had a less marked effect on membrane-associated expression of HLA-I, MICA, and the NKp30 ligand, B7-H6 (which is also expressed by HEK293T cells), as is shown in Figure  S3A in Supplementary Material. Therefore, we tested whether a short trypsin treatment of GP-expressing HEK293T cells would reveal cell surface molecules that are shielded by the GP. Indeed, the short trypsin treatment (2.5 min) of GP-expressing cells restored HLA-I and MICA staining in GP-transfected HEK293T cells (Figures 4D,E; upper versus lower panels). To assess whether B7-H6 cell-membrane expression would also be restored following the removal of GP with a short trypsin treatment, we transfected HEK293T cells with GFP-fused SUDV-GP. Figure 4F (upper panel) shows that high GFP expressers reduced B7-H6 staining, but that the short trypsin treatment restored cell surface expression of B7-H6. Note that since GFP is fused to the cytoplasmic part of GP, trypsin treatment that removes the extracellular portion of GP does not affect the GFP signal ( Figure 4F, lower panel) . We further verified the results from our trypsin-based approach to degrade the ectodomains of GP with the DTT approach employed by Francica et al.; Figure S3B in Supplementary Material shows HLA-I/MICA versus GP staining with and without DTT treatment. Results were similar to the trypsin treatment showing that DTT treatment restored membrane-associated staining of HLA-I and MICA in the GP-transfected high-expressers. We developed the trypsin approach over the DTT approach to further assess NK functions; DTT treatment induces cell death in fraction of the treated target cells, while trypsin treatment does not. However, following trypsin treatment, cell surface GP expression recovered considerably within 1 h and in accordance GP-mediated shielding of cell surface HLA-I was restored ( Figure S3C in Supplementary Material); thus, we could not perform NK function assays (described below) on trypsin-treated cells.
sUDV-gP-induced Disruption of Target cell antigens Downmodulates the Function of Primary human nK
To determine the degree of activation of NK cells exposed concomitantly or sequentially to different target cell types, we examined the expression of cell surface CD107a and IFNγ-as indicators of NK cell activation-after co-incubation of primary NK cells with heterogeneous target cells. The membraneassociated CD107a staining assay provides a measure of the degranulation of NK cells; the gating strategy is described in Figure S4A in Supplementary Material. Co-incubation of primary NK cells with non-treated HEK293T or mock-transfected HEK293T targets induced substantial and similar cell surface expression of CD107a. Co-incubation of primary NK cells with Target and effector cells were cocultured at the ratios specified in the figure for 6 h. Cells were then harvested and analyzed for degranulation by flow cytometry. Dead cells were excluded by 7-aminoactinomycin D (7AAD); pNK cells were then gated by staining for CD16 and co-stained for degranulation by staining for CD107a. (B) Target and effector cells were cocultured at the specified ratios for 18 h. The culture medium was sampled, and IFNγ was quantified using an ELISA assay. (c) Target cells were either SUDV-GP transfected or Mock-transfected; Mock-transfected cells were then incubated with anti-NKG2D or incubated with isotype control and cocultured with effector cells for 18 h. The culture medium was sampled, and IFNγ was quantified using an ELISA assay. (D) Carboxyfluorescein succinimidyl ester (CFSE)-stained Mock-or GP-transfected cells and unstained effector cells were cocultured at the specified ratios for 6 h. Cells were then harvested and analyzed for specific lysis by assessing the viability CFSE + cells using 7AAD. (e) CFSEstained GP-transfected target cells and unstained effector cells were cocultured at the specified ratios for 6 h. Cells were then harvested and analyzed for specific lysis by flow cytometry. Cells were stained for SUDV-GP with biotinylated 3C10 antibody followed by APC-conjugated streptavidin. CFSE A lysis assay was used to specifically correlate target cell sensitivity to lysis by NK cells with the level of GP expression in whole GP-transfected cells versus mock-transfected cells. The gating strategy for the 7AAD-based lysis assay is described in Figure S4B in Supplementary Material. As was found in the CD107a assay, there was a statistically significant reduction in the lysis of GP-transfected cells; yet, the reduction in lysis did not surpass 25% even at an effector-to-target cell (E:T) ratio of 1:2.5 ( Figure 5D comparing the lysis of mock-versus GP-transfected target cells). However, when we stained target GP-transfected cells for both GP and lysis markers, we could differentiate between the sensitivity to lysis of the different GP-expressing cell types: in the same GP-transfected population exposed to NK cells, the null/low-GP expressing target cells were lysed by NK cells, while the high GP-expressing target cells were resistant to lysis (Figure 5E) . Here, it is important to note that we could perform this comparison of sensitivity to lysis of GP-positive and GP-negative target cells because the GP protein does not leak from the dead cells (as does GFP).
Since we found that the target cell ligands to the activating NKG2D receptor were significantly shielded by Ebola GP expression (Figures 2-4) , we set out to compare the effect of blocking NK activity with antibody to NKG2D with the effect of GP expression on target cells. As predicted from the literature, blocking primary human NK cells with anti-NKG2D mAb significantly reduced the lysis by null/low GP expressers ( Figure 5F ). Yet, blocking with anti-NKG2D did not significantly affect the residual lysis of the GP-positive target cells (Figure 5F ). An important finding was that GP expression on target cells resulted in a reduction in NK-mediated lysis that was substantially greater than the reduction obtained by blocking the NKG2D receptor and interacting the NK cells with GP-negative target cells. This finding suggests that GP masks not only NKG2D ligands but also other activating ligands, such as B7-H6 ( Figure 4F) . Indeed, blocking with anti-NKp30 mAb, as compared to blocking with isotype control, resulted in a low but significant reduction of lysis of target GP-negative transfected cells, while the residual lysis of GP-positive transfected cells was not affected from blocking with anti-NKp30 mAb ( Figure 5G ).
gP Protein Downregulates nK cell Function Through inhibition of activating signals rather Than Through the induction of inhibitory cascades
We consistently observed that GP expression by target cells reduced lysis by primary NK cells, although staining of HLA-I by W6/32 mAb was significantly reduced. We, therefore, assessed whether GP-mediated shielding of HLA-I from staining with the HLA-I-specific w6/32 mAb correlates with staining with a recombinant KIR2DL receptor that recognizes HLA-I. The HEK293T cell line (homozygous for HLA-C*07:01) was suitable for use in this assessment, since HEK293T cells express HLA-C allele that is recognized by the KIR2DL2 receptor (53, 54) but not the KIR2DL1 receptor. Our finding that high GP expression did not result in a reduction of staining by KIR2DL2-Ig ( Figure 6A ) indicated that GP did not mask the recognition of HLA by the KIR2DL2 receptor. We thus compared the levels of CD107a degranulation between KIR2DL2-positive and KIR2DL2-negative primary NK cells incubated with GP-transfected HEK293T target cells. Expression of the KIR2DL2 receptor by primary human NK cells reduced their degranulation response to both mock-transfected and GP-transfected target cells. However, the KIR2DL2-mediated reduction in degranulation was not affected by GP expression (Figure 6B, inset) . These results were repeated in NK from additional donors and showed the same pattern ( Figure S5C in Supplementary Material). Here, we should remember that, as shown above in Figure 5 , expression of GP by target cells reduced NK cell function (Figure 6B) . Note that incubation of NK with GP-transfected target cells did not affect the NK membrane-associated expression of NCRs, NKG2D, and KIR2DL2 as compared to NK cells incubated with mocktransfected cells ( Figure S6 in Supplementary Material) .
Suppression of NK cell activity by the GP protein can be attributed to one of two main mechanisms: (i) perturbation of signal transduction through activating receptors or (ii) triggering of inhibitory signals following engagement of KIR inhibitory receptors. To elucidate the mechanism of suppression of NK cell activity, we exploited previous findings showing that the activity of the SH2-domain-containing protein tyrosine phosphatase-1 (SHP-1) serves as the main inhibitory factor attenuating NK cell activation following inhibitory receptor engagement. This engagement leads to the recruitment and activation of SHP-1 at the natural killer immunology synapse, where it dephosphorylates key signaling molecules, including VAV1, LAT, and phospholipase Cγ1/2 (PLCγ1/2), thereby inhibiting NK cell activation (55, 56) . We thus performed a phosphatase assay, in which the role of GP in controlling the catalytic activity of SHP-1 was examined. Primary human NK cells were incubated with HEK293T target cells expressing GP versus mock transfected cells, and the activity of SHP-1 was measured. Importantly, it was found that the interaction of NK cells with GP expressing target cells did not affect SHP-1 activity, relative to the mock-transfected cells (GP: 117.1 ± 17.7% versus mock: 100%, p = 0.4; Figure 7A ). As a negative control, lysates of NK:Target conjugates were treated with the phosphatase inhibitor pervanadate, which blocks the SHP-1 catalytic domain. A significant reduction in SHP-1 activity was measured following pervanadate treatment, confirming the validity of the assay for this cellular system (mock-pervanadate: 29.2 ± 15.1% versus mock-untreated: 100%, p = 0.04 or GP untreated: 117.1 ± 17.7%, p = 0.02; Figure 7A ). These results indicate that GP does not significantly increase SHP-1 activity, suggesting that an alternative mechanism is indeed responsible for the compromised activation of NK cells following inter action with GP-expressing target cells. Potentially, this mechanism involves the masking of some NK-activating receptors, preventing the transduction of activating signals through these specific receptors.
To further explore this mechanism, we examined the tyrosine phosphorylation status of PLCγ1, a cytoplasmic enzyme responsible for the intracellular Ca 2+ flux that is essential for NK cell activation and function. Following the engagement of activating receptors, PLCγ1 phosphorylation is crucial for FigUre 6 | Sudan virus (SUDV)-GP-induced disruption of surface antigens does not affect KIR2DL2-mediated inhibitory pathway. In these experiments, HEK293T cells were SUDV-GP-transfected, mock transfected, or left untransfected. (a) SUDV-GP-transfected HEK293T cells were stained for SUDV-GP and co-stained for KIR2DL2 or KIR2DL1 ligands using KIR2DL2-Ig or KIR2DL1-Ig chimeric proteins, followed by PE-labeled secondary antibody. Background staining was determined by staining with purified human FC. (B) Target cells were cocultured with pNK cells in the presence of 25 U/ml rhIL-2. Target and effector cells were cocultured at an E:T ratio of 1:3 for 6 h. Cells were then harvested and analyzed for degranulation by flow cytometry. Dead cells were excluded by 7-aminoactinomycin D; pNK cells were then gated by staining for CD16 and KIR2DL2 and co-stained for degranulation with CD107a. Results are from one representative experiment of three performed. Values represent means of triplicates. Bars, ±SD. Student's unpaired t-test; **p < 0.01; ***p < 0.001; ns, not significant. activation of NK cells. Primary NK cells were thus incubated with mock-or GP-transfected HEK293T cells, and IP experiments using anti-phosphotyrosine antibody were performed; immunoblotting with anti-PLCγ1 antibody revealed that while PLCγ1 was highly phosphorylated following NK cell interaction with mock transfected cells, interaction with GP-expressing cells resulted in a substantial reduction in PLCγ1 phosphorylation ( Figure 7B ). These data support the findings obtained by the NK functional assays (Figures 5 and 6 ) that suppression of NK cell activity following exposure to the GP protein may be attributed to the prevention of activating signal transduction and does not take place via activation of inhibitory signaling. Our data implies a mechanism in which GP could mask ligands to some NK-activating receptors on target cells, thereby preventing their engagement with NK cells.
DiscUssiOn
Viral evasion of the immune system often involves modulation of host functions. In particular, interference with the expression of ligands for immune cell receptors is a ubiquitous-and wellstudied-evasive strategy in different virus families (20) (21) (22) (23) (24) (25) (26) . HLA-I, in particular, is a ligand that constitutes a major target in viral evasion. Nonetheless, interference with HLA-I is not always a beneficial tactic due to the opposing roles it plays in T cell versus NK cell activation. Downregulation of HLA-I exposes target cells to NK cell activity, while upregulation may increase host cell vulnerability to attack by cytotoxic T lymphocytes (CTLs). Therefore, HLA-I-based viral evasion mechanisms are usually coupled to a complementary element that addresses the consequent activation of either CTLs or NK cells. Among the many well-known examples of viruses that regulate HLA-I are cytomegaloviruses and flaviviruses. In the former, CTL evasion by the virus is mediated by downregulation of HLA-I (20-26) in a mechanism coupled to HLA-I mimicry by the viral UL18, which suppresses NK cells (57) . Flaviviruses upregulate the expression of HLA-I, which hinders NK activity, leading to acute viremia in the early stages of infection. This induced high viremia, due to high HLA-I expression by infected cells, creates the conditions necessary for the effective infection by the virus of its arthropod vector. Therefore, the clear benefit to virus, in terms of transmission to its vector, justifies the price paid for allowing an effective adaptive response that clears the infection in the host after transmission to the vector (27) . In contrast, another common but more straight-forward evasion mechanism is the downmodulation of activating stress-induced ligands, such as NKG2D ligands (19, 58, 59) . Secretion of receptor blocking ligands, such as pp65 (60) and soluble ULBPs (61) , constitutes yet another viral evasion strategy. Our results did not show any direct interaction between purified SUDV-GP and various NK cell receptors; thus, we investigated the effect of membrane-associated expression of EBOV-GP on the interaction of GP-expressing cells and NK cells. HLA-I shielding has previously been reported for the GPs of the Zaire and Reston strains of EBOV (8, 9) , and here we showed this phenomenon for the SUDV-and Makona-GPs. A significant steric shielding of HLA-I was observed only in high expression of GP [(9) and our results]. Alazard-Dany et al. (49) show that infection with recombinant EBOV results in loss of HLA-I staining only in late infection stage (48 h), whereas synthesis and massive release of virus particles occur at early infection steps. Yet, this late-stage shielding of ligands to immune receptors should reduce subsequent activation and development of anti-Ebola immunity that could cope with parallel infected cells that are in early infection stage.
Since HLA-I molecules serve mostly as ligands of NK inhibitory receptors, it was possible that the shielding mechanism would promote increased NK cell activity against GP-expressing cells. Yet, we observed that primary human NK cells were less reactive to GP-expressing HEK293T cells. We, therefore, studied the recognition of GP-expressing cells by NK-activating receptors and demonstrated that GP-expression in cells was manifested as a decrease in detection by recombinant NKG2D and NKp30 receptors. Similarly to HLA-I, this decrease was due to shielding, as enzymatic removal of cell-surface GP restored the recognition of ligands of the NKG2D and NKp30 receptors. This shielding of target-expressed ligands of NK activation receptors sufficed to reduce NK cell activity. Importantly, the shielding of target HLA-I, as observed by anti-HLA-I staining, did not inhibit the function of NK inhibitory receptors. This finding was in accordance with the observation that HLA-I-recognizing recombinant KIR did not reduce binding to GP-expressing cells as compared to recombinant NKG2D and NKp30 receptors. We may, therefore, conclude that GP partially masks the HLA molecules: it leaves them exposed to KIR binding while blocking the TCRs and the W6/32 antibody (that we employed in this study). Indeed, it has been found that TCRs and KIRs have different modes of binding to HLA-I (62). HLA-I-based selective shielding to TCRs but not to KIRs and shielding of ligands to NK activation receptors is in accordance with reports of reduced T and NK cell function in EBOV patients (16, 17, 50, 62) .
Natural killer cells are innate lymphocytes that are known to mount a strong response against virus-infected cells (11) . However, studies of EBOV infection in primates showed a decrease in the activity and numbers of NK cells, a surprising finding, since HLA-I is an inhibitory ligand for NK cell receptors, such as KIRs (15) (16) (17) . In light of these studies, we investigated the effect of membrane-associated expression of SUDV-GP on (i) the interaction of NK cell activation and inhibitory receptors with their ligands, and (ii) its effect on the function of human primary NK cells. We found that while NKG2D and NKp30 fusion-Ig recognition of GP-expressing HEK293T cells was blocked by SUDV-GP, the inhibitory receptor KIR2DL2 was not blocked and the inhibitory signal from KIR2DL2 was not reduced. This result can explain the low activity of NK cells in EBOV infection in primate models (32, 63) .
The observed functionality of NK-expressed KIR2DL2 on the GP-expressing cells could point to a differential shielding of HLA-A and B versus HLA-C by GP. A similar discrimination between HLA-A and B versus HLA-C was reported for the HIV-NEF protein that interact with HLA-A and B through a tyrosine residue missing absent in the HLA-C. This selective HIV-NEFmediated downregulation of HLA-A and B, but not HLA-C, was reported to protect HIV-infected cells from NK cells (64) . Interestingly, an activating KIR profile was associated with fatal outcome of Ebola infection and this deleterious effect seems linked to KIR2DS1 and KIR2DS3 genes that were by far more present among non-survivors (65) . If indeed Ebola-GP does not shield membrane-associated HLA-C, then it will not interfere with the HLA-C-KIR2DS1 interaction (HLA-C2 allele is the target for KIR2DS1). This could corroborate with findings that Ebola-mediated over-activation of the immune response is responsible for the rapid depletion in NK cells (65) and also fit the aforementioned observations that EBOV infection in primates showed a decrease in the activity and numbers of NK cells (15) (16) (17) . The seeming contradiction between shielding ligands to NKG2D and NKp30 while sparing ligands to KIR-based activation and inhi bitory receptors indicate the limitations of this current study that is not focusing on the NK receptor profile of the host, which could better explain the NK response to natural EBOLA infection.
The above discussion leads naturally to the VSVΔG/EBOV GP vaccine, a recent development in the field of filoviruses, as this vaccine offers substantial protection against EBOV disease (66, 67) . Fourteen days after vaccination, macaques developed neutralizing IgG antibodies against EBOV-GP (63). Moreover, the vaccinated macaques exhibited increased levels of IFNα, IL-15, and IFNγ, 3 days post EBOV challenge. The significance of the elevated levels of IL-15, which is secreted by activated macrophages in EBOV infection, lies in the fact that IL-15 controls NK cell numbers. Furthermore, NK cells can inflict antibody-dependent cell cytotoxicity (ADCC), which may contribute greatly to the effect of antibodies directed against viral proteins (68, 69) . Upon treatment with several anti EBOV mAbs, NK cell-deficient mice had lower viral clearance as compared to WT mice, when infected with an EBOV-glycoprotein pseudotyped human immunodeficiency virus, indicating that the anti-EBOV mechanism of the ADCC activity of these mAbs is predominantly mediated by NK cells (70) . Thus, it appears that the VSVDG/EBOV GP vaccine may act to neutralize EBOV viral particles, but it may also promote the activation of NK cells via ADCC This effect of the VSVΔG/EBOV GP vaccine may shift the inhibition-activation balance of NK cells toward activation, as is indicated by our results, thereby overcoming the EBOV shielding of ligands to NK cells activating receptors, as in the case of NKG2D and NKp30 ligands, and allowing the elimination of EBOV-infected cells.
In summary, we showed that activating and inhibitory ligands for NK receptors are differentially shielded by Ebola GP membrane-associated expression. These findings indicate a novel evasion mechanism employed by the EBOV to specifically avoid the NK cell immune response. 
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